Oscillating water column based wave energy device uses bi-directional flow impulse turbine. In this paper, a computational analysis of an impulse turbine has been performed using Ansys-CFX 14.0 code. Initially, a CAD model was prepared and unstructured meshing strategy was implemented in the flow domain. Reynolds-averaged Navier Stokes equations were solved to analyse the fluid flow properties. The efficiency, torque coefficient and input coefficient were compared for the evaluations. The flow features through the turbine shows that the flow separation occurs near the trailing edge of the suction surface of the blade.
INTRODUCTION
Ocean is a vast source of energy and researchers are trying to extract ocean energy using different methods. Ocean wave is having potential to provide energy and several efforts are being carried to harvest energy from ocean waves (Pelc and Fujita, 2002, Rameez and Samad, 2012 ). An oscillating water column (OWC) shown in Figure 1 basically has three stages, namely, converting the sea water varying elevations into pressure, converting the air power into mechanical power with the help of a bidirectional turbine and finally converting the mechanical energy into usable form of electrical energy using an electrical generator (Jayashankar et al., 2009 ). An OWC is a hollow cylinder, having two openings, one of which opens into the ocean and other one in contact with the air, with a bidirectional Figure 1 . Oscillating water column turbine being installed inside (Muetze and Vining, 2006; Dizadji and Sajadian, 2011) . The alternating wave motion causes the air above the water line to oscillate and thus creating a pressure difference and causing the turbine to rotate in the OWC (Dorrell et al., 2004) .
The turbine in the operation can be either driven by principle of reaction mechanism or impulse mechanism. Impulse turbines rotate due to the impact of fluid over the blade, thus rotating the hub, whereas the reaction turbines work due to the pressure difference across the blades (Jayashankar et al., 2002; Setoguchi and Takao, 2006; Thakker, 2009; Raghunathan, 1995) . The direction of rotation of turbine is always unidirectional even though the flow is bidirectional in nature. Wells turbine were the first in usage for the wave conversion but had several disadvantages such as, narrow range of flow rates, poor starting characteristics, noise and high axial trust (Maeda et al. 1999 ). An impulse turbine overcomes these disadvantages and results show a higher efficiency and better performance characteristics as compared to the Wells turbine .
Researchers ) have carried out experiment on hub to tip ratio = 0.7 with hub diameter =210 mm of an impulse turbine in an oscillating rig. The design of the blade is shown in Figure 2 . The study by them was done on two different types of guide vane geometry, plate type and airfoil shaped. It was concluded that the plate type guide vane geometry gives better performance. Keeping the hub diameter fixed, experiments were carried for varying hub to tip ratios, viz., 0.7, 0.75 and 0.85. A similar investigation but for different design geometry was carried by Wave Energy Research Team (Thakker and Hourigan, 2005a; Thakker and Hourigan, 2005b) .
Using the above geometry, CFD analysis also has been carried out (Lee et al., 2001 ). The efficiency estimation for all the flow coefficients was reported to be under estimated. A parallel CFD study for a different geometry reveals the effect of tip clearance (Thakker and Dhanasekaran, 2003) . The study reveals that the effect of tip clearance is negligible for tip clearance of around 0.25%. It was reported Analysis Of Flow Through Ocean Energy Harvesting Bidirectional Impulse Turbine International Journal of Ocean and Climate Systems Figure 2 . Design specifications that for the higher flow coefficients the tip clearance of about 4 % reduces the efficiency of the turbine due to tip leakage flow.
In this paper, numerical analysis of flow through an impulse turbine having fixed stator vanes is reported. A validation and flow characteristics has been presented in this paper. The flow physics has been dealt in detail for different flow coefficients.
NUMERICAL MODELLING
The design specifications are as shown in Figure 2 and Table 1 . The turbine has a rotor with 30 blades with fixed upstream guide vanes and mirrored downstream guide vanes. The guide vane can be fixed or self-pitching. Although the self-pitching guide vane gives superior characteristics but has more maintenance and operating life problems since it has many moving parts. Also to withstand large number of oscillations, a robust mechanical design has to be incorporated In the present problem, the turbine has 26 guide vanes. The rotor blade is a part of ellipse on the suction side and the pressure side is of a circular arc section. The other details are given in Table 1 and Figure 2 . The 3 dimensional view of the domain is shown in Figure 3 .
The performance of the turbine is evaluated keeping the inflow velocity v a constant (v a = 8.49 m/s), varying the angular velocity ω of the rotor, and evaluating the torque generated T, flow rate Q and total pressure drop ∆p across the rotor (Thakker and Dhanasekaran, 2003) . These results are expressed in non-dimensional parameters in form of torque coefficient (C T ) , input power coefficient (C A ) and efficiency (η) in terms of flow coefficient (ϕ). The definitions are:
Ansys-CFX 14.0 which uses Navier-Stokes equations for the conversions of mass and momentum was used for solving the problem. The governing Navier-Stokes transport equations are:
Mass:
Momentum:
To reduce computational time, only one rotor blade along with one inlet guide vane and one exit guide vane were modeled. Rotational periodic conditions were applied on either side of each of the flow domain. The solid model for the flow domain was created using CAD software. The model was then imported and meshed using ICEM CFD 14.0. The stator regions are stationary while the rotor region rotates at different speed ranging from 300 to 600rpm and is defined by moving reference frame. Frozen rotor approach is used to solve the problem. As the periodic angles for the stator and rotor are different, the mixing plane model is applied at the interfaces of the fluid zones. Two mixing planes were used, one at the interface between the pressure outlet of downstream guide vane and the pressure inlet Table 2 . Each cell in the domain was treated as a finite volume with a node defined at the center and the flow properties for the entire cell were solved at each of this node. The mesh region is showed in Figure 4a Rameez Badhurshah, Abdus Samad and Jitendra Sangwai 55
Volume 5 · Number 2 · 2014 Figure 4a . Mesh in the flow domain and the closer view of the mesh is represented in Figure 4b . The domains were meshed with unstructured tetrahedral elements. Fine meshing was done near the blade and guide vane tips and tip clearance gaps which has been indicated in Figure 5 . The computational domain was extended to 8.5 chord length upstream and downstream in order to achieve developed flow and the domain was restricted to one blade to blade passage and one guide vane to one guide vane passage with periodic boundary conditions. The number of nodes for the entire domain was 94,885 and the number of elements was 446,817. The computations were carried out on a 3.4 Ghz Core i7-3770 processor and 8 GB RAM. Time per iteration was within a range of 10 s. The standard k-ε model was used with scalable wall functions and medium turbulence intensity of 5%. Convergence criteria considering RMS values below 1.0E-4 was used to monitor the convergence behavior of quantities like mass flow rate at rotor and upstream and downstream guide vanes, respectively.
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RESULT AND DISCUSSIONS (1) Validation with experimental results
For the validation of experimental results of the turbine, we can follow two methods for producing the range of flow coefficients. From the basic definition of flow coefficients which states it to be a ratio of axial velocity to the circumferential velocity, we can observe either we can keep the axial velocity constant and vary the circumferential velocity or vice versa. Circumferential velocity can be varied by varying the rpm of the rotor while the axial velocity can be varied by varying the mass flow rate. In the present study, axial velocity was kept constant while the rotor speed was changed. The speed range for the study was 300 to 600 rpm. The performance of the impulse turbine was calculated using the parameters like pressure difference, torque and volume flow rate. The results were compared with the experimental and computational results , Lee et al., 2001 . As the flow coefficient increases, the torque coefficient also increases which is well predicted from the current study. At lower coefficients torque coefficient is over predicted whilst at higher coefficients the torque coefficients follows a close match with the experimental and computational results ( Figure 5 ). In accounting for this, we can cite that the hub was assumed to be cylindrical throughout the rotor and the stator regions. Hence, the turbine predicts losses lower than real turbine.
The efficiency of the turbine is in line with the experimental and computational results at all flow coefficients as shown in Figure 6 . As the flow coefficient increases, the efficiency increases and it reaches a peak at flow coefficient of ~0.75 which matches well with the existing literature (Setugochi et al. 2001) . The earlier computational studies (Lee et al., 2001 ) under predicted the efficiency at all flow coefficients. (2) Numerical analysis for wider flow coefficients Figure 7 shows the contours of pressure on the pressure and suction side for three different rotor speeds: 300, 450 and 600 rpm. At lower speed, the flow on the pressure side is building up and the pressure increases as the speed is increased. This is because of the interaction between the axial and circumferential speeds. The flow is more developed near the tip rather than near the hub area. For the suction side, the pressure gets reduced as the speed increases. As a result, the increase of the suction pressure creates more pressure gradient between the two regions of the blade, which facilitates the flow. Figure 8 shows the velocity vectors at different rotor speeds. As the speed increases the impact of velocity on the blade is increased. Alongside, the area of recirculation on the suction side keeps shifting towards the direction of the inflow. The outflow velocity is also higher and the flow over downstream guide vane experiences more velocity as the speed is increased.
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International Journal of Ocean and Climate Systems The rotor speed affects the flow over the downstream as well as the upstream guide vanes ( Figure  9 ). At lower speed, the flow over the upstream guide vane has more pressure than the flow at higher speeds. This is the reason of increased pressure gradient that exists between the upstream guide vanerotor regions. As the circumferential speed of the rotor increases the pressure falls sharply and creates lower pressure. But the inflow at the inlet is constant, hence more pressure gradient is visible. Also, as the outlet condition remains the same for all rotor speed, again between the rotor and the downstream guide vane, an increased pressure gradient exists. It can be observed that the suction pressure on the suction side of the blade increases as the speed increases, this is clearly in-line with the finding as shown in Figure 7 , which shows the contours of flow over the pressure and suction side of the rotor blade. Figure 10 shows the effect of tip clearance in flow characteristics. The tip vortex on the suction side increases as the speed increases. The point of separation shifts towards the hub, which increases the suction pressure. The velocity contours at different spans shows the same. Initially, for 300 rpm speed, the tip effect is dominant only near 80% span whereas, for the speed of 600 rpm, the tip effect can be seen even at 20% span. Figure 11 shows the blade loading curve at different speeds. At 300 rpm, the closure area is lesser hence the energy is lesser as compared to 600 rpm, whose closure area is more. This energy in turn explains us that the torque generated is higher at higher speeds.
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CONCLUSIONS
In the present work, A 3-D CFD model of an impulse turbine for wave energy applications was simulated using a RANS solver to analyze the performance of the turbine. The efficiency prediction over the entire regime was predicted satisfactorily. Torque coefficient was over predicted for lower flow coefficients and was in match at higher flow coefficients. As the speed increases, the pressure gradient over the blade also increases. The separation point for the vortex formation due to the tip leakage keeps shifting towards the blade hub as the speed increases. An area of recirculation of flow is developed at higher speeds which lowers the pressure further on the suction side of the rotor blade. Analysis Of Flow Through Ocean Energy Harvesting Bidirectional Impulse Turbine
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